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C hildren with acute lymphoblastic leukemia (ALL) experience height deficits during treatment, and these deficits may persist after therapy has ended (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . A number of factors have been associated with the observed height impairments, apart from the cancer itself, including the use of cranial radiation therapy, intensive chemotherapeutic regimens, malnutrition, episodes of infection, precocious puberty, GH-GF1 deficiency, younger age, taller stature at diagnosis, and female sex (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Two other possible contributors to height deficits have not been explored in this population: the development of vertebral fractures (VF), and glucocorticoid (GC) exposure as part of the chemotherapy.
It is well documented in adults that VF lead to height loss (12, 13) . Children with ALL experience VF at substantial rates, so it is possible that vertebral body compression could contribute to the observed height impairments (14, 15) . In support of this hypothesis, one study reported that relatively greater deficits in spine height than in leg length contributed to net height deficits in these children (16) . The adult marker of VF-absolute height loss-is not useful in children because normal childhood growth can lead to a net gain in height even when VF have occurred (17) . Instead, a VF in a child would be expected to limit growth relative to children of the same age, expressed as a reduction in the height z score over the period during which the VF developed. A confounding issue in children is the possibility of vertebral body reshaping through bone growth, with consequent elimination of its contribution to a permanent height deficit (17, 18) . Applying the adult approach of considering only new VF, without also evaluating the state of previously fractured vertebrae, could therefore lead to erroneous conclusions. This issue can be circumvented through use of the spinal deformity index (SDI), a measure of overall VF burden that incorporates both new fractures and the present condition of prior fractures into a single assessment of current overall spine fracture status (19) .
Many authors have assumed there is a direct effect of ALL chemotherapeutic agents on growth, but the roles played by specific drugs used in the various regimens have not been analyzed (3, 8, 9) . GC have been proposed as potential contributors to height deficits in ALL, given that they are part of every ALL treatment protocol at high and prolonged doses and given that they are well documented as affecting growth when used in a wide range of conditions (1, 3, 10, 20, 21) . However, the role of GC in creating height deficits in ALL has not been explored or quantified.
The STeroid-induced Osteoporosis in the Pediatric Population (STOPP) research consortium prospectively studied a cohort of children with ALL for 6 years (14, 15, 22, 23) . Research data encompassed anthropometric measurements, annual evaluation of VF status using standardized methodology, and details of drug treatment that included full GC dosing records. This data set therefore provides a unique opportunity to evaluate the contributions of VF and GC to height deficits in children during the treatment phase of ALL.
Subjects and Methods

Patients and study design
Children aged 1 month to 17 years with ALL were enrolled in the core STOPP study (N = 188) from 2005 to 2007; eligibility criteria have been described (22) . The research ethics board of each participating institution approved the study, and informed consent/assent was obtained before enrollment. Because our goal was to understand the height trajectory and potential recovery in those without GH-IGF1 deficiency, patients who received cranial radiation therapy (n = 28) were excluded from the current study, leaving 160 study subjects for analysis. Patients were studied within 30 days of GC initiation and were followed up prospectively for 6 years. Data were censored at patients' last follow-up visit or when bisphosphonate therapy was initiated for osteoporotic fractures.
Clinical data
Clinical data were obtained at baseline, every 3 months in the first 4 years, and then annually during the last 2 years. Height was measured three times at each visit by a pediatric nurse or research associate using a regularly calibrated stadiometer, and the average was recorded. Measurements were made in the standing position when a child was able to stand; if not, the child was measured in the supine position. Weight was determined using either a digital or a mechanical scale. Height, weight, and body mass index (kg/m 2 ) were converted to ageand sex-matched z scores using the National Center for Health Statistics normative database of the US Centers for Disease Control and Prevention (24) . Height velocity z scores were determined for each 6-month period using published normative data (25) . Lumbar spine bone mineral density (LS BMD) by dual-energy x-ray absorptiometry was captured every 6 months for 4 years and then annually. LS BMD z scores were calculated using published normative data as previously described (22) . Leukemia risk category and pubertal staging were also determined as previously reported (22) . Dietary calcium and vitamin D intake was assessed using a food frequency questionnaire, and daily intake for each nutrient (diet plus supplement) was expressed as the percentage of the estimated average requirement based on the Institute of Medicine's dietary reference intakes (22, 26) . Children were treated according to the Children's Oncology Group leukemia protocols except for one site that used the Dana-Farber Cancer Institute protocol. GC dosage was adjusted according to the leukemia protocols by the treating oncologist. GC doses were converted to prednisone equivalents (mg/m 2 ) and were expressed as the average daily dose over a specified time period (27) (28) (29) .
VF
Lateral thoracolumbar spine radiographs were obtained at baseline and annually, with the presence of VF assessed independently by two pediatric radiologists according to the modified Genant semiquantitative method; a third radiologist adjudicated discrepancies (22, 30) . Vertebral bodies were graded according to the extent of reduction in height ratios when the anterior vertebral height was compared with the posterior height, the middle height with the posterior height, and the posterior height with the posterior height of adjacent vertebral bodies. The following reductions in height ratios were defined: grade 0 (normal), 20% or less; grade 1, .20% to 25%; grade 2, .25% to 40%; grade 3, .40%. The SDI was calculated as the sum of Genant grades from T4 to L4 (19) and ranged from 0 to 39.
Statistical analysis
Data were summarized using frequency and percentage for categorical variables and mean and SD or median and interquartile range (IQR) for continuous variables. Box plots were generated to illustrate the trajectory of height, height velocity, and average daily GC intake over time. One-sample t test was used to compare children's height and height velocity z scores with those of the healthy population. Both univariate and multivariate linear mixed models for repeated measures with a first-order autoregressive covariance structure were constructed to relate clinical variables to declines in height z scores. By using a first-order autoregressive covariance structure, we assumed the correlation between outcomes assessed at adjacent time points was greater than that between outcomes assessed at nonadjacent time points. In the multivariate linear mixed model, sex was incorporated in the model because it has been proposed as a predictor in some published studies, though it was not significant in our univariate analysis. Akaike information criterion was used for assessing the model fit. Results were expressed as effect sizes with 95% CIs. All analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC). Differences were considered significant when P , 0.05.
Results
Clinical characteristics of the cohort
The disposition of the 160 children included in this study and reasons for lack of available data at each time point are presented in Fig. 1 . Clinical features at baseline are summarized in Table 1 , with baseline anthropometric measurements carried out at a median of 21 days (IQR, 14 to 27 days) after diagnosis with ALL. Among the 160 children, three (two girls and one boy) experienced relapse of leukemia but survived, and five were treated with bisphosphonate therapy for osteoporotic fractures. None of the patients in this cohort had received spinal or testicular radiation therapy.
Height and height velocity
At baseline, boys were slightly taller than the healthy average (mean z score 6 SD = 0.4 6 1.1; P , 0.01) (Fig. 2a) . The greatest decline in height z score for boys occurred from baseline to 6 months, when it fell by 0.5 6 0.4 (P = 0.01) to 20.1 6 1.1. The decrease in height z score was reflected in the height velocity z score of 22.8 6 2.3 (P , 0.01) for the same time interval (Fig. 2b) . In the second 6-month period, from 6 to 12 months, the height velocity z score rose markedly to 0.5 6 2.4, which was not significantly different from the healthy average, and the height z score increased slightly to 0.1 6 1.2 at 12 months. Both height velocity and height z scores subsequently remained at or slightly above the healthy means for the remainder of the study. The change in height z score from baseline to 6 years was 20.1 6 0.6, which was not a significant difference.
The overall temporal profile was similar in girls with some subtle differences. At baseline, girls' height z scores were comparable to the healthy average. As with boys, the height velocity z score was low over the first 6 months (22.7 6 2.4; P , 0.01), which led to a decline in the height z score. Although the height z score nadir for boys occurred at 6 months, the lowest value for girls was slightly later at 12 months. It decreased by 0.4 6 0.4 (P = 0.01) from baseline to 1 year, when it reached 20.3 6 1.1 (P , 0.05). Height z scores in girls were not different from the healthy average at 2 years, and as for boys, both height velocity and height z scores subsequently remained at or slightly above the healthy means for the remainder of the study. The final height z score at 6 years was not different from baseline (difference of 0.00 6 0.6).
VF
Twenty-three children (14.4%) had VF present at baseline (Table 1) . New fractures developed in 31 subjects (19.4%) over 6 years; 14 of these subjects (45.2%) had VF at baseline. In other words, 40 children had VF during the course of the study (including baseline). Most children who experienced new fractures did so in the first year (21 of 160; 13.1%) so that the proportion with fracture (17.6%) was highest at this time ( Table 2) . As a result, the median SDI among those with fractures rose from 2.0 (IQR: 1, 7) at baseline to 8.0 (1, 8) at 1 year (Table 2) . Of 40 children with VF at any time during the study, six received osteoporosis therapy and were thereafter excluded from this analysis. Among the remaining 34 children with VF, 28 (82.4%) underwent complete vertebral body reshaping (i.e., all vertebral bodies had a Genant grade of 0) by their last follow-up visit, whereas the others underwent partial reshaping (Genant grades improved, but not all children progressed to Genant grade 0 for all vertebral bodies). The mean 6 SD residual spine deformity in these children (as expressed by the SDI) was 3.1 6 3.3. The reshaping phenomenon together with the decreased rate of new fractures after the first year led to a marked decline in the SDI among those with fractures, which fell to a median value of 2.0 (IQR: 2, 4) at 3 years and remained low until the end of the study, when it was 1.5 (IQR: 1, 2.5).
GC Exposure
In the first 30 days after diagnosis, 105 of 160 children (65.6%) were treated with dexamethasone, whereas 55 received other GC preparations as part of their chemotherapeutic regimen. Of total GC exposure, 35% occurred in the first 6 months of treatment, with an average 6 SD daily dose of 13.8 6 5.1 mg/m 2 for boys and 12.3 6 3.6 mg/m 2 for girls (Fig. 2c) . The dose then decreased to 7.7 6 4.3 mg/m 2 for boys and 7.3 6 3.1 mg/m 2 for girls in the second 6 months of treatment (i.e., from 6 to 12 months) and remained stable until 24 months before falling further. By 30 months, 64 of the 67 girls (96%) had stopped GC treatment, and by 42 months, all boys (100%) had discontinued GC therapy.
Clinical predictors of declines in height z scores
Children with VF had lower height and height velocity z scores than those without VF at baseline and at 90% of the follow-up time points, although the differences did not reach statistical significance (Table 3) . We also compared characteristics between children with and without VF over 6 years and found that children who had a VF at baseline or follow-up had significantly lower LS BMD z scores than those without a fracture history both at baseline (mean 6 SD = 21.8 6 1.5 vs 21.0 6 1.2; P = 0.001) and 72 months (mean 6 SD = 21.2 6 1.1 vs 20.2 6 1.3; P = 0.001). (Table 4 ). Children treated with dexamethasone in the first 30 days had less GC exposure overall between baseline and 12 months (mean 6 SD = 3.6 6 0.7 g/m 2 vs 4.5 6 2.2; P = 0.01),
with less of a decline in height z scores from baseline to 12 months than those who received other GC in the first 30 days (mean 6 SD = 20.32 6 0.46 vs 20.52 6 0.41; P = 0.01). Univariate analysis was carried out to assess relationships between clinical factors and declines in height z scores ( Table 5 ). The two parameters of primary interest in this study were average daily GC dose (over the prior 12 months) and change in SDI (over the prior 12 months), and both were significantly associated with height z-score declines. Age was also a significant predictor. Multivariate analysis showed that height z scores declined by 0.13 (95% CI: 0.02 to 0.23; P = 0.02) for each 5-unit increase in the SDI during the previous 12 months (Table 6 ). Every 1 SD decrease in LS BMD z score was associated with a height z score decrement of 0.11 (95% CI: 0.04, 0.18; P , 0.01), every 10 mg/m 2 increase in average daily GC dose in the previous 12 months was associated with a height z-score decrement of 0.26 (95% CI: 0.20 to 0.32; P , 0.01), and each 10-year increase in age related to a height decrement of 0.08 (95% CI: 0.01 to 0.16; P = 0.01). Confirming the univariate result, sex was not a significant determinant of declining height.
Discussion
Growth rates fell markedly during the first 6 months of therapy for our subjects with childhood ALL, which led to a significant decline in the height z score from baseline to 6 months in boys and from baseline to 1 year in girls. These height deficits are similar in magnitude to those reported in the literature for the treatment phase of ALL (8) . Consistent with our hypothesis that the occurrence of VF and exposure to GC might contribute to height deficits, we observed that the highest rate of VF occurred in the first year, which was aligned with the period of greatest GC exposure (i.e., in the first 6 months of the study). In addition, after the first year, as SDI improved (because of fewer new fractures and reshaping of prior fractures) and GC dose declined, the height velocities returned to normal (or were even transiently above normal in some periods) and height z scores returned to the healthy normal mean. We found that every 5-unit increase in the SDI (per prior 12-month period) was associated with a height z score deficit of 0.13. The rate of VF was highest at 1 year after GC initiation when it was 17.6%; therefore, VF cannot have contributed significantly to the height deficit in the entire cohort. On the other hand, VF appear to have played a role in height loss among the individual fracture subjects. Increases in SDI from 2 at baseline to 8 at 1 year were of sufficient magnitude that VF could have affected growth within this subgroup. In contrast, the effect size for GC was clinically relevant for the entire cohort. The model found that every 10-mg/m 2 increase in average daily GC dose (during the previous 12 months) was associated with a height z score decrement of 0.26. This effect size is pertinent to the group's GC exposure, which peaked in the first 6 months (an average daily dose of 13.8 mg/m 2 for boys and 12.3 mg/m 2 for girls). Bone growth occurs at the growth plate as chondrocytes proliferate, differentiate, produce cartilage matrix, and are then supplanted by osteoblasts that replace the newly formed cartilage with bone (20) . Pharmacologic levels of GC influence each of these processes through both indirect and direct mechanisms (20, 21) . Indirect actions occur primarily via inhibition of various facets of the GH-IGF1 axis, which is a principal regulator of longitudinal growth (21) . Direct mechanisms involve changing gene expression within chondrocytes and bone cells, modulating a large number of proteins and metabolic pathways (21, 31, 32) . Together, these GC pharmacologic effects lead to a variety of growthimpeding changes, such as apoptosis of osteoblasts and growth plate chondrocytes and stimulation of osteoclasts (21, 31, 32) . Our multivariate model also evaluated the roles of sex and age as predictors of growth impairment. We found no effect of sex and a very small, although statistically significant, positive relationship of height loss to increasing age. These findings differ from those of several studies reporting that age ,4 years was associated with a greater final height deficit (8, 10) and that this effect of age was more pronounced in girls (16) . These differences in results compared with findings in our study may relate to dissimilar patient populations or treatment regimens. It is worth noting, however, that most descriptions of augmented height deficits in young girls occur in the context of cranial radiotherapy, perhaps a consequence of increased vulnerability of the hypothalamic-pituitary Figure 2 . Trajectories for (a) height z scores at baseline and every 6 mos, (b) height velocity z scores, and (c) average GC daily dose. For height velocity and average GC daily dose, the 6 on the horizontal axis indicates the time interval from baseline to 6 mos, the 12 indicates the time interval from 6 to 12 mos, and so on. Girls are shown in white bars and boys in gray bars. Minimum, first quartile, median, third quartile, and maximum values are shown in the boxplot. The horizontal solid black lines within the box indicate the median.
axis to cranial radiation in younger female patients (4, 7) . A number of studies on subjects not treated with radiation therapy reported results similar to ours (9, 33) .
Outcomes in children treated without cranial radiation, such as in our cohort, have been variable, with some studies showing an effect on final height (3, 4, (8) (9) (10) 34) but others without (5, 7). It has been pointed out that the studies showing no effect on final height used older protocols with less intensive chemotherapy and were also limited in study size, which would have restricted the power to detect height changes (9) . More recent studies that do describe a height effect showed final adult height deficits in the range of 0.5 SD (9). A decline in height of 0.5 SD is presumably more relevant to an individual with an expected final adult height at the fifth percentile as opposed to the 50th percentile, but even in the latter case, such a deficit would lower the final height from the 50th percentile to the 30th percentile. It is well documented that height differences of this magnitude are associated with lower school grades, lower incomes, increased health risks, decreased longevity, and other negative outcomes, so they should not be discounted (35) (36) (37) .
Our study was not designed to assess final adult height, but only determinants of height deficits during ALL therapy. Although we have demonstrated that height z scores in this cohort returned to healthy mean values by the end of our 6-year study, it remains unknown whether these children will go on to attain a normal adult height. Reevaluation of this cohort after skeletal maturation would be of interest.
A limitation of this study is that blood testing was not performed, so we were unable to evaluate serum biomarkers that might be indicators of proposed contributors to height deficits, such as GH-IGF1 deficiency, sex hormone status, and malnutrition. On the other hand, we did not anticipate GH deficiency in this cohort because patients with cranial irradiation were excluded from the study. Another limitation is the inability to evaluate different chemotherapeutic regimens because the majority of our patients were treated under the same chemotherapy backbone (22) . Furthermore, our study is limited by the lack of sitting height or arm span data to assess the effect of VF on upper to lower body proportions. Finally, our study was designed to monitor patients for a 6-year period, so we could not evaluate final adult height status in all patients.
The findings in this study underscore the importance of viewing risks for height deficits individually for each child with ALL. Some factors, such as GC, likely affect all patients, although the magnitude of the effect may vary between individuals depending on the specific GC drug, the particular dose received, or differences in GC sensitivity. Other factors influence only specific subsets of children; for example, VF obviously have the potential to cause a height deficit only among those who sustain such fractures. For a child with multiple VF, however, this could be the principal determinant of his or her height deficit. Further studies may develop ways of applying known contributing factors to identify each child's risk for developing a height deficit during treatment of ALL.
What are the overall clinical implications of these findings? By showing that declining height z scores are directly related to the number and severity of incident VF, we have underscored the importance of timely VF identification. We have also demonstrated that although most children will go on to restore normal vertebral dimensions after VF-induced deformity, thereby obviating the need for bone-targeted intervention, a subset of children who are older or who have more severe vertebral collapse in the first 2 years of chemotherapy are at risk for persistent deformity (23) . These are the children who should be targeted in future fracture prevention studies, with the goal of preserving vertebral body integrity and thereby maintaining overall stature. Together, these observations highlight the importance of understanding the spine phenotype in the first few weeks after ALL diagnosis. To this end, analyses are currently under way to assess the combination of risk factors that most accurately predict which children are most likely to develop VF.
